Objective: We wanted to determine whether combined radiofrequency ablation (RFA) and acetic acid-hypertonic saline solution (AHS) instillation can increase the extent of thermally mediated coagulation in in vivo rabbit liver tissue. We also wished to determine the optimal concentration of the solution in order to maximize its effect on extent of the RFA-induced coagulation.
Results: All procedures are technically successful. There were six procedurerelated complications (6/40; 15%): two localized perihepatic hematomas and four chemical peritonitis. The incidence of chemical peritonitis was highest for group B with the 50% AHS solution instillation (30%). With instillation of 15% AHS solution, a marked decrease of tissue impedance (24.5 15.6 ) and an increase of current (250 mA) occurred as compared to RFA alone. With instillation of the solutions before RFA (group B, C and D), this produced a greater mean diameter of coagulation necrosis than the diameters for rabbits not instilled with the solution (group A) (p < 0.05). However, there was no significant difference between group B, C, and D.
Conclusion:
Combined AHS instillation and RFA can increase the dimension of coagulation necrosis in the liver with a single application. A low concentration of AHS (15%) showed similar effects in increasing the extent of RF-induced coagulation, but there were less side effects as compared to the high concentration of AHS.
adiofrequency ablation (RFA) is a localized treatment designed to destroy tumors by heating tissue to temperatures that exceed 60 , and several studies have demonstrated that RFA provides a high rate of local tumor control (1 5) . However, despite the technological advances and electrode modifications that have effectively increased radiofrequency (RF) energy deposition and tissue heating, several recent studies have reported inadequate treatment as a clinical problem for malignant liver tumors greater than 3 cm in Jeong Min Lee, MD 1, 2 Young Kon Kim, MD diameter (6 8) . The cause of this has been suggested to be due to gross underablation of the tumors and the failure to create an adequate tumor free-margin (9) .
Given the high likelihood of incomplete treatment with heat-based therapy alone, several adjuvant therapies have attempted to improve the efficacy of RFA by modifing the tumor's underlying physiologic characteristics. These therapies include the use of saline-enhanced RFA (10 13) , combined with chemotherapy (14) , chemoablation using ethanol or acetic acid (15, 16) , and embolization (17) . Among various possible adjunctive treatment strategies, combining RFA with chemoablation using ethanol or acetic acid seems to be attractive because given the minimally invasive characteristics of each procedure, both procedures could be performed at the same time and same place. Although a combined therapy of RFA and percutaneous injection of ethanol or acetic acid could increase the extent of induced coagulation necrosis, as compared with either therapy alone, instillation of ethanol or acetic acid into the target tissue before RFA could increase the tissue resistance to electrical flow. This can result in a decrease of current deposit and less heat production (15, 16) . Lee et al (13) reported that hypertonic saline instillation before RFA more effectively achieved coagulation necrosis than RFA only by increasing the electrical tissue conductance. Given that acetic acid has similar cytotoxic effects on tumor cells as ethanol at a lower concentration (15%), and acetic acid is ionic and water soluble, the acetic acid-hypertonic saline (AHS) solution would be optimal for combining with RF ablation to induce synergistic effects for inducing coagulation necrosis (18 20) .
The purpose of this investigation is to determine whether a combination of AHS solution and RFA can increase the extent of thermally mediated coagulation in in vivo rabbit liver tissue. We also wish to determine the optimal concentration of the AHS solution in order to maximize its effect on the dimension of the RFA-induced coagulation.
MATERIALS AND METHODS

Animal Preparation
The study was approved by the animal care committee of our institute. Forty New Zealand white rabbits weighing 3 3.5 kg each were anesthetized using an intramuscular instillation of 50 mg/kg ketamine hydrochloride (Ketamine , Yuhan, Seoul, Korea) and 5 mg/kg xylazine (Rumpun , Bayer Korea, Ansan, Korea) prior to the RFA and other procedures. Booster injections of up to one-half of the initial dose were administered as needed. After an adequate anesthesia was achieved, the epigastrium and back were shaved, sterilized and a wire mesh ground pad (10 cm 15 cm) and conductive gel were placed on the animal's back. Ten rabbits each were allocated into one of four groups: group A: standard RFA alone; group B: RFA with 1 mL of 50% AHS instillation; group C: RFA with 1mL of 25% AHS instillation; and group D: RFA with 1mL of 15% AHS instillation. Eight rabbits from each group were sacrificed on the day of the procedure. The remaining two rabbits of each group were sacrificed after undergoing a contrast-enhanced CT scan at 3 days after the procedure, in order to evaluate the histopathologic changes of the RFinduced ablation zones over time.
RFA Setting and Ablation Protocol
One RFA-induced coagulation zone was created in the liver of each rabbit using a 500-kHz RF generator (series CC-3, Radionics, Burlington, Mass., U.S.A.) capable of delivering 200 W of power, and an internally cooled, 17-gauge electrode (Radionics, Burlington, Mass., U.S.A.) with a 1-cm active tip. A total of 40 ablation zones were produced with or without the AHS instillation. The electrode was placed in the central portion of the left lobe of the liver under ultrasound guidance, and a polytefloncoated, 21-gauge Chiba needle (M.I.Tech, Seoul, South Korea) was then inserted using the tandem technique (21) .
In group B, C, and D rabbits, 1 mL of different concentration of AHS was instilled slowly (over a period of 30 seconds) into the liver tissue before the RFA: 50% AHS in group B rabbits; 25% AHS in group C rabbits; and 15% AHS in group D rabbits. The timing of AHS instillation with the RFA was selected based on the results of previous experimental study regarding the combined therapy of RFA and percutaneous ethanol injection of (PEI) in rabbits, in which PEI followed by RFA created a greater extent of induced coagulation necrosis than RFA followed by PEI (15) . To maximize the effects of the AHS instillation, the needle tip was placed 3 mm posterior to the tip of the RF electrode. The dose of AHS was selected based on a previous experimental study of combined RFA with acetic acid injection (16) . The concentrations of AHS were chosen based on a clinical study of acetic acid instillation for treatment of hepatocellular carcinoma (18) .
During the procedure, a thermocouple embedded within the electrode tip continuously measured the local tissue temperature. Tissue impedance was monitored by circuitry incorporated into the generator. A peristaltic pump (Watson-Marlow, Medford, Mass., U.S.A.) was used for infusing normal saline solution at 0 into the lumen of the electrodes at a rate sufficient to maintain a tip temperature of 20 25 . The power output was set at 30 W, and the RF energy was applied for three minutes; these treatment parameters were based on the results of a previous study (13, 16, 22 ). The applied current, power output, and impedance during RFA were continuously monitored by the by the instruments incorporated on the generator. The technical parameters of RFA (namely, impedance and current changes), the dimensions of the RFA coagulated area, and ensuing complications were compared for each group.
Imaging Examination
A Spiral CT (Somatom Plus 4; Siemens, Erlangen, Germany) was performed with a 3-mm slice thickness and a 1.0 pitch. The CT scan included the entire liver field, before and after the contrast injection of 6 9 cc Ultravist 370 (Schering, Berlin, Germany) at a rate of 1 ml/sec through the ear vein in order to monitor the ablation effects immediately after RFA. Post-contrast CT scans were obtained 10, 30, and 60 seconds following the contrast administration. Two radiologists reviewed both the pre-and post-ablation CT images of all animals, and the radiologists had to reach a consensus in each case. Each RFA ablation zone was evaluated for its location, size, shape (round, oval or irregular), attenuation changes and the presence of hemorrhage in the peritoneal cavity. The findings on post-procedure CT images were compared with those on the pre-procedure CT images to ensure that the changes seen were not present before RFA.
Histopathologic Studies and Measurements of Ablation Zones
The rabbits were sacrificed with an overdose injection of ketamine and xylazine after obtaining the post-procedure CT images and follow-up CT images. The specimens were dissected in planes similar to those of the spiral CT scans: a central cross-sectional incision was made through the affected area and a 3 6 mm parallel section was obtained from the ablation zone. Based on a previous study (22) , for macroscopic examination, two observers measured the short-axis and long-axis diameters of the ablation zones, i.e, the central discolored region of coagulation necrosis, in each pathologic specimen with the use of calipers, and the two observers had to reach a consensus. Representative lesions were then fixed in 10% formalin for routine histologic processing, and the samples were finally processed with paraffin sectioning and hematoxylin-eosin (HE) staining for light microscopic study. Tissues from all treatment areas were analyzed for their histologic appearance and their clear demarcation from surrounding viable tissue. A surgical pathologist and a radiologist evaluated the gross and microscopic findings at each RFA site and a required consensus was reached.
Statistical Analysis
For all the statistical analysis, SPSS 9.0 computer software (SPSS Inc., Chicago, Ill., U.S.A.) was used. A oneway analysis of variance with the Scheffe test was performed to compare the findings obtained with various concentrations of AHS instillation with those obtained without AHS instillation (23) . For all the statistical analysis, a p value of less than 0.05 was considered as statistically significant.
RESULTS
Technical Parameters
The mean initial tissue impedances were 117.1 18.6 in group A and 117 20.3 , 98.2 13.1 and 93.5 7.8 , in group B, C, and D, respectively ( Table 1) . The difference in impedance value among groups A and C or groups A and D were statistically significant (p < 0.05). For groups A and B rabbits, the impedance rose gradually during application of RF energy, up to 200 450 , and it induced a significant decrease of current flow below 200 mA during the procedure. However, for groups C and D, the impedance was decreased by instillation of 1 mL of the solution, and it was not markedly increased during RF energy application. Therefore, for groups C and D, the current flow of 400 700 mA was maintained during RF energy application.
Pathologic Findings
Macroscopic findings
The RFA was technically successful in all test conditions. There were no deaths during RFA. After the RF treatment, Note. AHS: acetic acid-hypertonic saline solution. the difference in tissue impedance before and after AHS infusion, the differences in the tissue impedance in the three groups, the differences in mean current in groups A and C and groups A and D.
a well-defined circular or oval ablation zone with white brown discoloration could be seen on the liver section of the ablation zone (Fig. 1) . The mean long-axis diameters, as measured in the gross specimens of the four groups, were as follows: 12.3 1.2 mm in group A, 25.6 9.9 mm in group B, 25.4 9.5 mm in group C and 21.4 9.2 mm in group D ( Table 2) . The difference in long-axis diameters in group A and the other groups were statistically significant (p < 0.05). In addition, the mean short-axis diameters of the ablation zones in each group of rabbits are as
Korean J Radiol 5(1), March 2004 Fig. 1 . Cut Sections of gross specimens in the four groups. In groups B, C, and D, the combined radiofrequency ablations with instillation of the acetic acid-hypertonic saline solutions produced greater ablation zones than that does radiofrequency alone (group A). A. Gross specimen of a group A (radiofrequency ablation only) rabbit shows a round pale-discolored area (arrow) in the liver. B. Gross specimen of a group B (radiofrequency ablation with 50% acetic acid instillation) rabbit shows an oval shaped discolored coagulation zone (arrows) and thrombosis (arrowheads) of small vessels within the zone. C. Gross specimen of a group C (radiofrequency ablation with 25% acetic acid instillation) rabbit shows greater area of the ablation zone (arrow) than those of groups A (A) and B (B). D. Gross specimen of a group D (radiofrequency ablation with 15% acetic acid instillation) rabbit shows a similar appearance with the ablation zone to group C. Note that the thrombosis of small vessels (arrowheads) are seen in the coagulation area (arrow). Radiofrequency ablation with 25% acetic acid-hypertonic saline in a group C rabbit. A. At post-procedural CT scanning, a 25-mm diameter, oval-shaped perfusion defect (arrow) is seen. Note the gas bubbles (arrowheads) in vessels within the ablation zone. B. Gross specimen shows that the liver contains a white-brown colored coagulation zone (arrow) with an irregular margin. Note the thrombosis of hepatic vessels (arrowheads) within the coagulation area. C. Microscopic image (original magnification, 200; hematoxylin-eosin staining) shows a typical coagulation necrosis (N) of the ablated ablation zones, which is surrounded by fibroid tissue (arrows) and normal hepatocytes (L).
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A follows: 11.1 0.9 mm in group A; 20.7 6.4 mm in group B; 17.4 3.4 mm in group C; and 16.5 6.7mm in group D (p < 0.05). The difference in short-axis diameters for group A and other groups were statistically significant (p < 0.05). Therefore, AHS pretreatment with RFA in the groups B, C, and D produced larger dimensions of coagulation than those of the group A (p < 0.05). However, regardless of the concentration of acetic acid in solutions, there were no significant differences in long-axis diameter and short-axis diameters of the coagulation necrosis among groups B, C, and D (p > 0.05). There were six procedure-related complications (15%) that were found on autopsy, i.e. two localized perihepatic hematomas and four chemical peritonitis inducing discolorization of liver capsule and a serosal surface of the stomach, and ascites. The localized perihepatic hematomas occurred in one of group C and D rabbits, respectively; the chemical peritonitis occurred in three of the group B rabbits and one of the group C rabbit; and there was no complication in groups A rabbits. Chemical peritonitis occurred more frequently for group B than for the other groups, although the difference was not statistically significant (p > 0. 05).
Microscopic Findings
Histological examination of the RF-induced ablation zones showed a central charred zone with the complete destruction of the parenchyma, and this included a small central cavity where tissue had been lost (Fig.1) . Surrounding this area were two zones of a white-yellow colored coagulation necrosis and a peripheral hemorrhagic rim. Microscopic examination of the ablation zones revealed a central zone of altered cellular morphology, which was best characterized as a heat effect (22) ; it consisted of degenerated, shrunken hepatocytes with pyknotic nuclei, and a peripheral zone of congestion and sinusoidal hemorrhage of the liver. In addition, the ablation zones of the rabbits that were sacrificed 3 days after RF ablation showed findings of typical coagulation necrosis upon histological examination (Fig. 2) . The microscopic examination of the ablation zones of groups B, C and D with AHS instillation showed a thrombosis of the vessels within the ablated area (Figs. 1, 2) .
CT Findings
After the procedure, the unenhanced CT scans revealed an indistinct zone of hyperattenuation extending from the site of the inserted electrode, and this hyperattenuated zone was surrounded by a slightly hypoattenuated zone. On contrast-enhanced CT scans, no contrast enhancement was seen in the region of the altered hepatic parenchymal attenuation (Fig. 2) . The coagulated tissues were more conspicuous when observed after the contrast administration than was seen on the unenhanced CT scans. On the contrast-enhanced CT scans, gas bubbles were identified in the RF-induced nonenhanced areas of 24 rabbits (60%). On the contrast-enhanced CT scans, the ablation zones of groups B, C and D rabbits were more frequently irregular than those of group A rabbits; 30% (2/10) in group A vs. 63% (19/30) in groups B, C and D (p < 0.05) (Fig. 2) .
DISCUSSION
In this study, rabbits of groups B, C, and D (with the AHS instillation before RFA), showed larger dimensions of coagulation necrosis than the rabbits of group A (RFA alone) (p < 0.05). However, there was no difference among groups B, C, and D. This finding suggests that the increase of RF-induced coagulation necrosis might be related to both the cytotoxic effect of acetic acid (18, 19) and the improvement in electrical conductance by hypertonic saline (11, 12) . Furthermore, the chemical peritonitis is related to leakage of acetic acid into peritoneal space (24) . Therefore, the higher concentration of AHS used, the more complications could be occurred. Indeed, there was a tendency of high incidence rates (30%) of chemical peritonitis in rabbits with 50% AHS instillation than for rabbits of the other groups (p > 0.05). We believe that the use of a low concentration of AHS during RFA may have some potential merit for its clinical application in treating liver tumors, as compared to the use of a higher concentration of acetic acid. Lee et al. (16) also described that the combined therapy of RFA and 50% acetic acid injection could induce larger area of coagulation necrosis than either therapy alone. Compared to the results of their study (16) , the dimensions (> 20 mm) of coagulation necrosis achieved with combining RFA and AHS injection in groups B, C, and D were larger than those with 50% acetic acid (mean, 14.3 mm). Therefore, we believe that the effect of AHS injection before RFA to increase coagulation necrosis could be attributed to a synergistic effect of both therapies. The mechanisms of the synergistic effect of the two ablative therapies are most likely due to an improvement of electrical conductance and the elimination of the perfusionmediated tissue cooling by inducing a thrombosis of small vessels of the treated tissue prior to RF heating (Fig. 1) . Furthermore, we believe that AHS could be more suitable for achieving a synergistic effect with RFA than is ethanol or 50% acetic acid, and this is because of the low electrical conductance of those chemicals. Fifteen percent acetic acid has been reported to have the hepatocyte necrosis capabil-ity equal to absolute alcohol, and it can be mixed with hypertonic saline too (18, 19) . When mixing acetic acid with hypertonic saline, the cytotoxic effect is still maintained and electrical conductance can be further increased. In this study, with the instillation of 15% or 25% AHS, the tissue impedance decreased by more than 20 . We can speculate that the decrease of tissue impedance after instillation of the AHS (15% and 25%) was related to a high concentration of ions in the 36% NaCl solution (11, 13) .
Lee et al. (13) reported that RFA using hypertonic saline instillation with a single application could increase the volume of RFA-induced necrosis of the liver in rabbits, and that the increase of the ablation zone was related to the effect of increasing electrical conduction of hypertonic saline. Their study used the same RF equipment and parameters as our present study, and the mean long-axis diameters of coagulation necrosis that was created by hypertonic saline-enhanced RFA were much smaller than those of combined RFA with AHS instillations of this study: 14.9 mm vs. 25.6 21.4 mm. We can speculate that this difference is because acetic acid can reduce tissue perfusion by inducing small vessel thrombosis (18 20) . These results were different from those of a previous study reported by Goldberg et al. (25) , in which the addition of acetic acid injection to RFA substantially increased tumor destruction as compared with either therapy alone, but combined RFA and acetic acid injection produced a similar tumor coagulation to that of hypertonic saline-enhanced RFA. This could be explained by the differences in the tested animal and the vascularity of the target tissue.
It is a well-known fact that perfusion-mediated tissue cooling reduces the extent of coagulation produced by thermal ablation, and this is one of the major factors that limit dimensions of the ablation zone that achieved by RFA. Various methods to decreased tissue perfusion have been used to increase thermal ablation and they include the Pringle maneuver, angiographic balloon occlusion and pharmacologic modulation (8, 16, 26 29) . Compared to other methods that decrease tissue perfusion, AHS instillation could be readily performed at the time of RFA, and moreover, the technique is also minimally invasive. Therefore, a combination of RF ablation and AHS instillation appears to be practical, very simple and easy to perform.
However, combining RFA and AHS instillation is apparently having some drawbacks as compared to RFA alone or hypertonic saline-enhanced RFA. First, one major drawback of a combined therapy of RFA and AHS instillation is the irregular shape of the ablation zones. The irregular shaped coagulation necrosis may be a result of uneven distribution of instilled AHS through the lower resistance tissue. This result is similar to the result of previous study of saline-enhanced RFA (10) . PEI had achieved successful coagulation necrosis in cases of encapsulated hepatocellular carcinoma, but less desirable results have been obtained in cases of metastases (30, 31) . This problem may not be a serious problem in cases of encapsulated hepatocellular carcinoma, yet it is serious drawback in cases of metastasis or infiltrative type hepatocellular carcinoma. Second, although no unwanted thermal injury occurred to other organs adjacent to the liverr such as stomach, colon or pancreas in our present study, there is the possibility of thermal injury to those organs if larger volumes of AHS instillation were used for the treatment of large size tumors.
There were some limitations to our study. First, rabbit livers are small and we therefore restricted the power of the RF energy to a lower level and shortened the time of the RF instillation as compared to the true clinical parameters (1 3, 8, 29) . Therefore, the effects of the AHS solution could be underestimated in the clinical situation, and also the incidence rates of complications could have been underestimated. Second, the results obtained in normal liver tissue may differ from those obtained with malignant tumors in the human liver. However, according to previous studies regarding cell degeneration caused by the effect of heating on tissue (8, 32) , we believe that the same results may have occurred with either normal liver tissue or human cancer cells. Third, at autopsy, we dissected the specimens along the planes similar to those of the spiral CT scans because it was very difficult to find a plane perpendicular to the axis of the electrode insertion. Therefore, the measured dimensions of the coagulation necrosis could be smaller than the real dimensions. Last, we tested only limited concentrations and amount of AHS, and we believe that further experimental study for the optimization of the concentration of AHS is warranted.
In conclusion, combined RFA with AHS instillation is more effective for achieving coagulation necrosis than RFA alone, and the lower concentration of AHS also shows a lower incidence of complications. Furthermore, since AHS instillation could be readily performed at the time of RFA, and since the technique is also minimally invasive, this combination therapy could be used for the management of large hepatic tumors.
